The rapid decrease in conventional energy resources and their harmful impact on the environment has brought the attention of the researchers towards the use of renewable energy technologies. The renewable energy systems are connected to Direct Current (DC) micro-grids via power electronic converters where the load conditions are unknown and network parameters are uncertain. These conditions call for the use of robust control techniques such as Sliding Mode Control (SMC) in order to regulate the grid voltage. However, SMC has a drawback of operating the power converter at variable switching frequency which results in degrading the power quality. This paper introduces a fixed frequency sliding mode controller that does not suffer from this predicament. A novel double integral type switching manifold is proposed to achieve voltage regulation of a DC micro-grid, in the presence of unknown load demands and un-modeled dynamics of the network. Rigorous mathematical analysis is carried out for the stability of the closed loop system and the technique is experimentally validated on position of a DC micro-grid using a specially designed test rig. For benchmarking purposes, a conventional Proportional Integral (PI) controller is also implemented. An improvement of 2.5% in rise time, 6.7% in settling time and reduction of voltage dip by 31.7% during load transaction is achieved as compared to the PI controller. The experiment confirms the hypothesis that fixed frequency SMC shows better performance than its counterpart in the phase of introduced disturbances.
Introduction
Exponential increase in the energy demand due to massive industrial growth and urbanization has called for the installation of new generation units. To increase the reliability of the system and reduce the probability of complete black out, the researchers are focusing on the development and integration of Distributed power Generation Units (DGU) [1] [2] [3] [4] . Moreover, the alarming momentum at which the conventional energy resources are being depleted to meet the power demand motivated the use of Renewable Energy Resources (RER). However, as several DGUs are connected together, issues like voltage regulation and current sharing arise along with protection problems. To address these issues for the large scale integration of RERs, the so-called concept of micro-grids has emerged in the field of power systems. The micro-grid is a power distribution network that consists of DGU clusters, different types of loads, energy storage units and energy conversion devices interconnected via power distribution lines.
Among different types of RERs, solar energy is the most abundant source and researchers are focusing on developing more efficient photo-voltaic cells to achieve the concept of green energy [5, 6] .
Most of the renewable energy resources, like fuel cells and Photo-Voltaic (PV) cells, are Direct Current (DC) in nature. The energy storage banks use super capacitors, Li-ion, lead-acid and Ni-Cd batteries, which can store energy only in DC form. Other renewable resources like wind mills and bio-gas installations are also DC friendly. On the consumer side, the variable speed drives of induction motors, LEDs and electronic circuitry operate at DC voltages.
Connecting RERs and energy storage banks to Alternating Current (AC) micro-grids requires multiple conversions (DC-AC and AC-DC) that result in unwanted power loss and reduced efficiency [7, 8] . To resolve this issue, DC micro-grids have attracted the attention of the researchers [9] [10] [11] [12] [13] . Furthermore, skin effect losses are not present in DC micro-grids and the control of DC micro-grids is less complex as compared to AC micro-grids, where issues of frequency regulation and synchronization, flow of reactive power, unwanted harmonics and unbalanced load are the key issues [14] [15] [16] [17] [18] .
Different energy generation units located at distributed locations are connected to DC micro-grid using DC-DC power electronic converters as shown in Figure 1 . The major control problems in this scenario are the voltage regulation and the current sharing among different power sources. Voltage regulation is required for the proper functioning of the load devices, while current sharing is required to ensure that no source is overstressed. These objectives are achieved simultaneously by using a hierarchical control [19] [20] [21] . Conventionally Proportional Integral Derivative (PID) controllers are used in the voltage and current control loops of these power electronic converters [22] . However, under uncertain load conditions, the gains of the PID controllers require periodic tuning to give the desired performance [23] . The researchers have proposed auto-tuning methods [24] and Fuzzy controllers [25, 26] to achieve better results. However, these methods are system dependent and add complexity to the design. It is reported that the performance improvement is achieved by using boundary layer control [27] [28] [29] , adaptive nonlinear control [30] , model predictive control [31] [32] [33] , and a time delayed based robust controller [34] . However, these techniques are not completely parameter independent and require some knowledge of the system specifications like inductance of the coil and capacitance of the filter stage. This calls for the need of a robust controller that can control the nonlinear dynamics of the power converter in order to tightly regulate the voltage in the presence of unknown load demands and uncertain grid parameters.
Indeed, the robustness and parameter invariance [35, 36] of Sliding Mode Control (SMC) is well known and makes it an attractive choice for voltage and current control in micro-grids, where load conditions are unknown and network parameters are subject to variations [37] [38] [39] [40] [41] [42] [43] . SMC based techniques result in better voltage regulation in the presence of parametric variations, modeling uncertainties and external disturbances [44] [45] [46] . However, the major drawback of SMC is its variable switching frequency. Power electronic converters require to operate at fixed switching frequency in order to minimize switching losses [47] and to suppress Electro-Magnetic Interference (EMI) [48] . Hence, the researchers are motivated to combine the advantages of fixed frequency with the robust nature of SMC [49] [50] [51] [52] [53] [54] , thereby reducing EMI emissions and switching losses simultaneously.
However, these techniques are implemented on a single DC-DC converter. To the best of the authors' knowledge, the behavior of fixed frequency SMC has not been observed yet on the position of a micro-grid.
To fill the above-mentioned research gap, this paper presents a fixed frequency SMC based approach to track the reference voltage of each source connected to the micro-grid. The proposed technique achieves the desired performance by controlling a boost converter that regulates the grid voltage and ensures proper current sharing in the presence of un-modeled dynamics caused by uncertain load and line variations without using observers, which add cost and complexity to the design. The paper contributes in the following three dimensions:
1. Improving the dynamic response of the closed loop system and increasing the robustness against unknown load demands in a DC micro-grid, using fixed frequency SMC. 2. Designing a novel sliding manifold that results in stable operation of boost converter for wide range of gains, followed by a rigorous mathematical analysis for the stability condition. 3. Designing a special test rig with three sources, in order to validate the results in comparison with conventional PI controllers. Moreover, the technique is also tested for fault condition at one of the sources connected to the micro-grid.
It is important to mention that, in case of micro-grids, the electromagnetic interference (EMI) caused by the power lines and switching of the large inductor current, makes the environment less feasible for the use of Digital Signal Processors (DSP) and Field-Programmable Gate Array (FPGA) boards. Therefore, these boards are used in such applications along with specially designed electromagnetic shielding mechanisms to avoid interference from high frequency switching currents. Moreover, they need additional line filters to permit their interaction with the power lines. Due to these reasons, the proposed technique is demonstrated using low cost commercially available analogue Integrated Circuits (ICs), which present a workable industrial solution without involving A/D converters and DSP/FPGA boards which are less immune to EMI and also add additional cost to the design. Moreover, the analogue implementation gives a better picture of the controller design and its implementation procedure.
The article is arranged as follows: mathematical model of the system and controller design are presented in Sections 2 and 3, respectively. The condition for the existence of sliding mode is described in Section 4. The design of sliding surface and parameterization of the controller is presented in Section 5. The experimental results and discussions are presented in Section 6 while the article is concluded in Section 7.
Mathematical Model of the System
Each source in the DC micro grid comprises of a DC-DC converter as shown in Figure 2 , where input voltage from the renewable energy source is denoted by V in , I L is the instantaneous inductor current, V out is the output voltage of the converter, R load is the load resistance, C is the capacitance of the output filter capacitor while L is the inductance of the coil. By using circuit analysis techniques, the nonlinear dynamic model of the system is written as:
where δn is an unknown but bounded time varying disturbance, which satisfies the condition |δn| < V in ; ∆R esr represents the parameter uncertainty caused by Equivalent Series Resistance (ESR) of the capacitor. Since the power electronic switch can be either On or Off, thus mathematically the control signal u belongs to a discrete set: u ∈ {1, 0}. We defineũ = (1 − u), where the control input u is defined with respect to the power electronic switch as: The boost converters are nonlinear and non-minimum in-phase with respect to output voltage [55, 56] and the dynamics of the inductor current are unstable if the output voltage is considered to be the only variable to be controlled [57] . However, the boost converter satisfies the motion separation principle derived from singular Perturbation Theory [58, 59] . It means that the dynamics of I L are much faster as compared to the dynamics of V out and the problem can be solved by designing a cascaded control structure with two control loops. The inner loop controls the inductor current while the outer loop controls the load voltage. The inner control loop is designed using fixed frequency SMC while the outer control loop having slower dynamics is designed using PI controller.
Since the controller is robust; therefore, throughout the article, we consider the simplified model with δn = 0 and ∆R esr = 0. The section on experimental results and discussion where the input voltage is varied and sudden changes in load are deliberately applied is an exception in order to evaluate the performance of the controller and verify its robustness. The steady state dynamics of the system are found by setting the time derivatives of system states to zero. Thus, as t → ∞,İ L =V out = 0 and V out = V d . Setting these values in Equation (1), the reference current in the inner loop is derived as:
where I * re f is the reference current for the inner control loop at equilibrium and V d is the desired output voltage of the converter.
Controller Design
The SMC design concept is based upon a discontinuous control law, which directs the system states towards a sliding manifold in the state space. Sliding manifold is designed to insure the finite time convergence of the state trajectories at the origin. The control process of SMC can be segregated into two phases, namely the reaching phase and the sliding phase. During the reaching phase, the controller generates a series of switching commands such that the state trajectories hit the sliding manifold irrespective to their initial conditions as shown in Figure 3a . In the second phase, the controller executes its operation via switching commands, ensuring the trajectory to be in a small vicinity of the sliding manifold σ = 0, which in turn gets directed concurrently towards the desired reference at the origin 'O' as shown in Figure 3b . In short, the sliding mode operation can be explained such that the controller utilizes the sliding plane as a reference to perform its decisions in order to ensure the convergence of the state trajectories to the origin, where steady state operation is achieved. We select the control law based on the hitting condition [60] as: The hitting condition ensures that the state trajectories are always directed towards the sliding manifold σ = 0, regardless of their initial conditions. In order to ensure zero steady state error [61] , this paper proposes a double integral type sliding surface given as:
where e(t) = I re f − I L (6) and λ 1 , λ 2 and λ 3 are positive design constants. When the state trajectories reach the manifold σ = 0, sliding mode is said to be established. Now onwards, the system becomes parameter invariant [60] and its behavior is described as:
we differentiate Equation (7) w.r.t time and get:
The Laplace transform of Equation (8) is:
Since λ 1 , λ 2 and λ 3 are positive design constants, hence the Laplace transform in Equation (9) is a Hurwitz polynomial and both of the roots lie on the left side of the S-plane. Hence, as t → ∞, e(t) → 0 and V out → V d .
Implementation of SMC using Pulse Width Modulation (PWM) is based upon two well known theorems. The first theorem [60] states that the discontinuous control u in SMC can be replaced theoretically with a smooth and continuous time function called equivalent control signal, such that 0 < u eq < 1. The second theorem states that, at sufficiently high frequency, the equivalent control coincides with the duty ratio of the PWM control [62] .
The equivalent control u eq of the system under sliding mode is derived by substituting the time derivative of the sliding surface equal to zero. Thus, settingσ = 0, we get:
Involving the dynamics of the system from Equation (1) and rearranging the terms, we get:
Substitutingũ = (1 − u), the expression of u eq is derived from Equations (6) and (11) as:
Since the equivalent control signal u eq coincides with the duty ratio d of PWM converter, we can write:
where V con is the control signal to the PWM modulator and V Pramp is the peak voltage of ramp signal, respectively. By choosing V Pramp = V out and using Equation (13), we get:
It is worth mentioning that the proposed structure in Equation (14) differs from the PI controllers because of the term (V out − V in ). It acts as an adaptive feedforward gain which automatically changes, in an effort to nullify the disturbances in V in . This adaptation is also reflected in Equation (15) which means that the peak amplitude of the ramp signal is modified in relation with V out . It acts as an agent to change the modulation index in order to achieve faster dynamic response. Conditions to guarantee stability and avoid over modulation are discussed in Section 4. Another important difference between the two controllers is the way they are designed. The PI controllers are designed on the concept of small signal analysis which makes the response of the system specific to an operating point while sliding mode controllers are large signal systems, where the design is independent from the operating point.
Existence of Sliding Mode Control
The existence and stability of SMC is ensured if the control law enforces the state trajectories towards the sliding manifold σ = 0. Mathematically, the following two constraints shall be satisfied in the neighborhood of the manifold:
For the proposed controller, we obtain the equation forσ by using Equations (1) and (5) as:
where x 1 (t) = e(t)dt and x 2 (t) = e(t). The specific conditions for the stable operation of the system are as follows:
Case 1: When σ → 0 + , then Constrain (16) states thatσ < 0. This turns Equation (18) into an inequality as:
The control law (4), in Case 1, takes the value u = 1 (ũ = 0). To ensure that Condition (19) remains true, the following constraint shall be satisfied:
The biasing voltages of the operational amplifiers computing x 1 (t) and x 2 (t) are ±8 and ±5, respectively. This physically limits the maximum and minimum values of x 1 (t) and x 2 (t). Mathematically, |x 1 (t)| < 8 and |x 2 (t)| < 5; thus, by appropriate choice of design constants λ 1 , λ 2 and λ 3 , the constraint in Equation (20) is satisfied.
Case 2:
When σ → 0 − , then Constrain (17) states thatσ > 0. This turns Equation (18) into inequality as:
The control law will turn u = 0 (ũ = 1). To ensure that condition in Inequality (21) remains true, the following constraint shall be satisfied:
The Inequality (22) is satisfied by an appropriate choice of design constants. It is important to notice that, if the output voltage of the converter is less than the input source voltage, then the inequality (22) is not satisfied. This requires careful selection of the initial conditions that guarantee the convergence of the state trajectories to σ = 0. At startup of the boost converter, this problem is solved by starting the converter in open loop and then closing the loop once the condition V out > V in is satisfied. Another simple way to solve the problem is by introducing a protection circuit that always ensures the control signal V con < V Pramp in the PWM circuit, which in return results in stable switching of the power electronic switch until the condition V out > V in is achieved.
Sliding Surface and Parametrization of the Controller
In order to achieve the desired dynamics of the system during sliding mode, the controller is parametrized using Ackermann's formula. When the system is sliding on the manifold σ = 0, then the reduced order dynamics of the system are totally described by the sliding coefficients. Rearranging Equation (8), we get:
The standard second order equation is given as:
Comparing coefficients of the Equations (23) with (24), we get:
where ω n is the natural frequency and ζ is the damping ratio. Recalling that the damping ratio in a linear time-invariant second order system corresponds to the response of the system, which is over damped for ζ > 1, critically damped for ζ = 1 and under damped for ζ < 1. In order to achieve a smooth and fast response with no overshoots, we choose ζ = 1. Rearranging the above equation in terms of the bandwidth f bw of the converter, we get:
For the desired bandwidth of 65 kHz, the calculations of the sliding coefficients using Equation (25) are as follows:
It is important mention that the maximum allowable limits of the op-amps should be considered while parameterizing the controller. In our case, both V in and V out of the converter exceed the limits. This problem is solved by feeding V in and V out via voltage divider network with attenuation constant γ. For the desired output voltage of V d = 24 V, the reference voltage V re f is kept as 2.5 V. Hence, γ is calculated as:
The combination of feedback resistor is calculated using γ. Selecting resistor R 1 as 6.8 kΩ, R 2 is calculated as:
Using a series combination of standard value resistors, we get γ = 0.103. The constant γ modifies the feedback control Equation (13) as:
where V con is computed from Equation (14) as:
Equation (26) can be expressed as:
where k 1 and k 2 are:
and V Pramp is computed from Equation (15) as:
The output of op-amps computing x 1 (t) and x 2 (t) in Equation (18) are also scaled by the constant γ such that:
The integrator in Equation (27) is designed using op-amp circuit, where gain k 2 = 1/(R 1i C 1i ). By selecting C 1i = 100 pF, the value of R 1i is calculated as:
The outer PI control loop has a proportional gain of 8.2 and an integral gain of 1/R 2i C 2i = 5000. The integral gain is achieved by selecting C 2i = 10 ηF and R 2i = 20 kΩ. In order to limit the maximum duty cycle of the power converter to 95%, a shunt regulator using TL431 with its reverse breakdown voltage adjusted at 4.8 V is placed at the output of the operational amplifier generating the control signal V con . TL431 cannot be adjusted to regulate the output voltage lower than 2.5 V, hence a summing gain of 2 is introduced so that the signal V con is greater than the minimum regulated voltage of TL431. This gain is then compensated in Equation (13) by amplifying the ramp peak V Pramp by the same gain. The hardware implementation of u eq and V Pramp is given as:
Experimental Results and Discussion
In the experimentation, Matrix power supplies having precision to one decimal place are used to test the performance of the controller under varying input voltages and changing load conditions. The experimental results are obtained using a two channel Rigol oscilloscope having 70 MHz bandwidth and sampling rate of 1 GHz. To test the wide range operation of the boost converter, the outdoor experiment is performed using solar panels and measurements are taken with regular intervals.
The parameters of DC-DC converter are selected on the basis of 250 W output power. The inductance of the coil is 100 µH and the output filter capacitor is of 1000 µF. Power Metal-OxideSemiconductor Field-Effect Transistor (MOSFET) (IRF540) with on-resistance of 0.06 Ω and continuous drain current capability of 20 A is selected as an electronic switch. Fixed switching frequency for the sliding mode operation is selected to be 50 kHz and the experimental setup is shown in Figure 4 . The efficiency of the converter at this frequency is experimentally observed to be 90.06% when delivering 7 W to the load. It is observed that, in order to ensure the efficient switching, the resistance seen by the MOSFET at its drain shall be kept less than 47 Ω so as to keep the discharge interval of body diode capacitance of the MOSFET, less than its switching interval under SMC. A reference signal of 2.5 V is generated using adjustable shunt regulator TL431 with its reference pin connected to its cathode. Due to the uni-directional nature of inductor current, it is not possible to measure it using a current transformer (CT). To measure I L , a resistor R M is placed in its return path. As I L flows, a voltage V M is developed across R M and we measure the inductor current as: 
Open Loop Response
In order to emphasize the need of the feedback control, the open loop response of the system is presented in Figure 5 . The converter is operated, in open loop with a PWM signal having a 50% duty ratio. The calculated output of the converter at this signal is 24 V, but the experimental output is 22.8 V, which is 1.2 V less than the calculated output. This difference occurs due to the voltage drop in the parasitic resistance of the hardware components and the connecting leads. The output further drops to 20 V when an additional load of 47 Ω is connected to the existing 82 Ω load. Hence, it may be concluded that in open loop, the output of the power converter exhibits a steady state error that changes with variation in load resistors. 
Comparison with Current Mode Controller
The performance of the proposed technique is analyzed along with the conventional current-mode controller, having a PI loop each for voltage regulation and current tracking. For the sake of comparison, the bandwidth of the proposed technique is set to be the same as the current-mode controller. The circuit diagram for voltage regulation in a single source is shown in Figure 6 . 
Dynamic Response
The dynamic response of the current-mode PI controller is presented in Figure 7a . The controller achieves 24 V with rise time of 41 ms and settles to final value in 80 ms. Figure 7b shows the response of the proposed fixed frequency SMC. The proposed controller has rise time of 40 ms and settling time of 75 ms. The results show an improvement of 2.5% in the rise time and 6.66% in the settling time of the closed loop system. The response is faster as compared to the current-mode PI controller due to the presence of a feedforward term in the proposed technique. The switching sequence generated by the controller is shown in Figure 8a . The drain voltage resulting due to switching of MOSFET is shown on CH1 in Figure 8b . The CH2 in the same figure shows the inductor current. It shall be noticed that the time period of switching sequence is constant, hence the objective of fixing the switching frequency in SMC is achieved by the proposed technique. The hardware can be easily scaled for operation at any desired output by proper selection of γ. The value of γ shall be selected such that the feedback signal does not exceed the power supply voltages of the operational amplifiers and other control circuitry. In order to observe the behavior of the controller for high voltage and large power applications, the technique is also applied to the converter with specifications shown in Table 1 . The experimental setup is shown in Figure 4b where the input voltage is applied using four 12 V lead acid batteries connected in series having 200 AH current rating. The output is regulated at 110 V while delivering 1230 W to the load. Figure 9a shows the inductor current that is measured using a current to voltage conversion circuit while the dynamic response of the converter is shown in Figure 9b . For the sake of analysis, the output voltage is fed to the oscilloscope through a resistive network of 0.1 attenuation and is measured using its 10× settings. 
Robustness of the Controller
The robustness of the controller is verified by applying a step change in load from 82 Ω to 29.9 Ω. This step change is emulated by connecting and disconnecting a 47 Ω resistor in parallel with 82 Ω load at a frequency of 10 KHz. The switching is achieved by using a Darlington paired Positive-Negative-Positive (PNP) power transistor (TIP142) whose base is driven by Negative-Positive-Negative (NPN) transistor (C828). Figure 10a shows that the conventional current-mode controller exhibits an undershoot of 4.1 V and recovers in 640 ηs. Figure 10b shows that the proposed DI-SMC exhibits an under-shoot of only 2.8 V and recovers in 250 ηs with no steady state error. Hence, the voltage dip during load transaction is reduced by 31.7%. This verifies the robustness of the proposed technique to a sudden change in load which is a key feature of SMC designs. The experimental setup for the proposed controller is shown in Figure 4 . The proposed controller is also tested for line variations. The test is performed by changing the input voltage from V in = 12 V to V in = 18 V. The controller operates effectively and the results are summarized in Table 2 . 
Grid Testing for Fault Condition
The capability of the proposed technique to operate in a DC micro-grid is experimentally validated on a test rig comprising of three sources. An outer control loop based on a PI-controller provides reference current signal for the each source connected to the micro-grid. The tracking of the reference current is accomplished in each source by using a boost converter controlled by the proposed double integral type fixed frequency SMC. During the steady state condition, the bus voltage is 24 V and the currents supplied by the sources are 1.61 A, 1.63 A and 1.62 A, respectively. The system is operated at a partial load such that, if one source fails, the other two sources have sufficient power capability to fulfill the load demand. The fault in Source 2 is emulated by disconnecting its control signal. Figure 11a -c show the current of each source during the fault condition. Figure 11d shows the voltage transient at the load during the fault. The new currents supplied by Sources 1 and 3 are 2.42 A and 2.44 A, respectively, which corresponds to 0.82% error in load sharing. Hence, the load disturbances on the position of DC-DC micro-grids have been effectively addressed, confirming that the proposed technique is capable of operation even during an instantaneous increase in the load demand or in case of a fault in the connected sources. 
Conclusions
In this paper, voltage regulation of DC micro-grid using fixed frequency SMC with a novel double integral type sliding manifold is proposed along with a rigorous proof for the stability of the system. The controller is tested experimentally and the results show the desired performance of the proposed technique along with providing robustness against fluctuations in input voltages and change in load conditions. A detailed discussion on parametrization of the controller, hardware design and circuit implementation is presented. The technique is also applied on a micro-grid test bench, having three sources and the results show satisfactory operation of the closed loop system. The controller is implemented using commercially available analogue ICs which eliminated the need of using expensive analogue-to-digital data accusation cards along with phasing out the issues due to their finite sampling time. For the purpose of bench marking, the results are compared with conventional PI controller. The proposed technique improved the dynamic response of the closed loop system by reducing both, the rise time and the settling time by 2.5% and 6.7%, respectively. It is observed that a sudden voltage dip appears in the regulated voltage when an additional load is connected. This dip is reduced by 31.7% for the proposed controller as compared to that of the conventional PI controller.
The future work may be extended to the study of the proposed technique in more diverse networks including different types of power converters, controlled by various local techniques, other than the one presented in this research. Funding: This research received no external funding.
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